The alpha7 nicotinic acetylcholine receptor (nAChR) is a potential target in neuroinflammation. Screening a plant extract library identified Solidago nemoralis as containing methyl-quercetin derivatives that are relatively selective ligands for the alpha7 nAChR. Flavonoids are not known for this activity, so we screened a small library of pure flavonoids to confirm our findings. Some flavonoids, e.g. rhamnetin, displaced a selective alpha7 nAChR radioligand from rat brain membranes whereas similar structures e.g. sakuranetin, did not. To evaluate the contribution of this putative nAChR activity to the known anti-inflammatory properties of these flavonoids, we compared their effects on lipopolysaccharide induced release of inflammatory mediators from BV2 microglia. Both rhamnetin and sakuranetin reduced mediator release, but differed in potency (rhamnetin>sakuranetin) and the Hill slope of their concentration response curves. For rhamnetin the Hill coefficient was >3.0 whereas for sakuranetin the coefficient was 1.0, suggesting that effects of rhamnetin are mediated through more than one mechanism, whereas sakuranetin has a single mechanism. nACHR antagonists decreased the Hill coefficient for rhamnetin toward unity, which suggests that a nAChR-mediated mechanism contributes cooperatively to its overall antiinflammatory effect. In contrast nAChR antagonists had no effect on the potency or Hill Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
In the last decade, plant natural products have emerged as a valuable source for neuroprotective compounds [1] . Polyphenols (flavonoids, anthocyanins, chalcones, curcuminoids, stilbenoids) in particular have been widely investigated in this area [2] and they generally not only exhibit great antioxidant properties [3] but they also exhibit potent anti-inflammatory properties [4] . Therefore, they have come to light as valuable multifunctional compounds targeting two neurotoxic mechanisms (oxidative stress and neuroinflammation) associated with neurodegeneration.
Neuroinflammation has become known as a central mechanism of neurodegeneration in diseases such as Alzheimer's disease [5] , Parkinson's disease [6] or alcohol induced neurotoxicity [7] . It is mediated primarily by microglia, the resident immune cells of the central nervous system (CNS). As a result of acute neuronal damage, microglia become alternatively activated resulting in tissue repair and clean-up [8] . However, when the neuronal insult becomes chronic, as observed in neurodegenerative diseases, microglia become classically activated ultimately leading to additional toxicity [9] . Therefore, the primary aim when targeting neuroinflammation is inhibiting the neurotoxic effects of classical microglial activation. Common, well-known anti-inflammatory drugs, such as ibuprofen, are currently being studied successfully for the treatment of neurodegenerative diseases [10] . However, the discovery of novel anti-inflammatory compounds specific to neuroinflammation has become pivotal in discovering effective treatments for neurodegeneration.
Nicotinic acetylcholine receptors (nAChRs) are emerging as very interesting molecular targets for attenuating neuroinflammation specifically. The homomeric alpha7 nAChR subtype in particular is heavily implicated both in the vagus nerve anti-inflammatory cholinergic pathway [11] and in brain tissues [12] . Wang et al [13] show in an elegant study using an alpha7 nAChR specific antisense oligonucleotide that nicotine inhibits tumor necrosis factor synthesis in activated macrophage cultures through alpha7 nAChRs activation. This finding was then extended to microglia where nicotine and acetylcholine attenuate both microglial activation and LPS-induced tumor necrosis factor alpha (TNFalpha) release in a dose dependent manner through an alpha7 nAChR dependent pathway [14] . Therefore, an alpha7 nAChR selective agonist would be valuable for targeting neuroinflammation specifically. Moreover, it could have the potential to inhibit excitotoxicity, another primary mechanism of injury observed in neurodegeneration [15] .
Although there has been considerable effort toward synthesizing alpha7 nAChR selective ligands in the last decade [16] , few of them have made it to market. Interestingly, most of these synthetic compounds are derived from alkaloids originally discovered primarily in plants [17] . The majority of these are toxic or have abuse liability (like nicotine) due partly to their high affinity for alpha4beta2 nAChRs [18] , the other major nAChR subtype in the brain. However, not all plant alkaloids have this selectivity. Thus, methyllycaconitine (MLA) is a relatively selective ligand for the alpha7 nAChR subtype that is isolated from the seeds of Delphinium brownii, a North American wildflower [19] . MLA has been used extensively in research for the study of alpha7 nAChRs but presents little therapeutic use as it is an antagonist [20] . With the exception of nicotine [21] , few of these plant metabolites have been tested against neuroinflammation. However, plants may contain novel, non-toxic, and alpha7 nAChR selective agonists that would have therapeutic value for the treatment of neurodegenerative diseases by attenuating neuroinflammation.
In order to find plants containing metabolites with selective activity at alpha7 nAChRs we developed a differential screening approach and applied this to a large native plant species extract library [22] . These extracts were first screened for the presence of metabolites which bound to nAChRs in rat brain homogenates using a non-subtype selective ligand, [ 3 H]-epibatidine. Of the 1000 extracts tested, about 350 species showed significant displacement of this ligand suggesting that metabolites which interact with nAChRs are common in this sample. Extracts from these 350 species were then compared for their ability to displace an alpha7 selective ligand, [ 3 H]-MLA, or an alpha4beta2 selective ligand, [ 3 H]-cytisine, from rat brain homogenates. Extracts which displaced the alpha7 selective ligand at lower concentrations than they displaced the alpha4beta2 selective ligand were considered likely to contain compounds with relative selectivity for alpha7 nAChRs. The great majority of plant extracts showed the reverse selectivity, suggesting that the majority of plant metabolites in this library are, like nicotine, relatively selective for alpha4beta2 nAChRs. However, 8 species extracts showed relative selectivity for alpha7 nAChRs [22] and these are now under investigation to determine the active metabolites which they contain.
One of the first sources of alpha7 selective binding activity to be investigated was Solidago nemoralis which, to our knowledge, has not been reported to contain bioactive alkaloids, the major class of natural products from plants which act on nAChRs. Assay-guided fractionation followed by preparative HPLC and mass spectrometry identified specific methyl-quercetin derivatives as responsible for the displacement of [ 3 H]-MLA binding. This was surprising for two reasons. First, similar flavonoids are widespread in plants, so it seemed likely that many other plant species should contain alpha7 selective binding activity based on this type of compound. However, our identification of S. nemoralis as "positive" was based not only on binding to alpha7 nAChRs, but also on the relative absence of binding to alpha4beta2 nAChRs. Since alkaloids which bind to alpha4beta2 nAChRs are widespread in plants [22] this activity will mask the presence of alpha7 selective compounds in many species. Thus it may be precisely because S. nemoralis contains no bioactive alkaloids that we were able to identify the active flavonoids in this species using our differential screen. The second surprising aspect of this discovery is that flavonoids have never previously been reported to interact directly with nAChRs. However, closely following our observation, electrophysiological studies indicated that quercetin has coagonist effects on the alpha7 nAChR expressed in Xenopus oocytes [23] . This activity of flavonoids at alpha7 nAChRs is potentially important in several of their known therapeutic effects. For example, flavonoids have been extensively investigated for their antiinflammatory properties peripherally [24] and in the CNS [25] as well as for their neuroprotective effects in models of neurodegeneration [26] . Many of these effects could be mediated through alpha7 nAChRs but this has never previously been investigated. It will depend on which specific flavonoids have this activity, and the extent to which alpha7 nAChRs are involved in the pathological response. The main aim of this study is therefore to assess the alpha7 nAChR selectivity of a small library of pure flavonoids and whether this activity translates to enhanced anti-inflammatory properties on activated microglia.
Materials and methods

Chemicals, reagents and kits
Methanol, hexane, chloroform, ethyl acetate, butanol, lipopolysaccharide (LPS) from Escherichia coli serotype 026:B6 (Lot# 021M4072V), (-)-nicotine, methyllycaconitine citrate salt hydrate (MLA) from Delphinium brownii seeds, mecamylamine hydrochloride and 7-hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt (resazurin) were purchased from Sigma-Aldrich (St Louis, MO, USA). Astragalin, baicalein, catechin, daidzin, daidzein, delphinidin, genistein, isoquercitrin, isorhamnetin, malvidin, petunidin-3-glycoside, quercetagetin, quercetin, rhamnetin, sakuranetin, spiraeoside and tamarixetin ( Fig. 1) were purchased from Chromadex (Irvine, CA, USA). 
Solidago nemoralis extraction and chemical identification
2.2.1. Assay guided fractionation-The aerial parts of Solidago nemoralis, including stems and flowers, were dried, ground and suspended in methanol for 24 hours. The methanol extract was decanted and the resulting plant material was re-suspended in fresh methanol for another 24 hours. Methanol extracts were then pooled and dried in a rotary evaporator. The dry methanol extract was re-suspended in water and subsequently extracted in hexane, chloroform, ethyl acetate and butanol. Resulting fractions were assayed for [ 3 H]-MLA displacement on rat hippocampal membranes (see below).
Preparative high performance liquid chromatography (HPLC)-
Preparative HPLC was performed with a Waters XBridge preparative c18 column (5μm particles, 19×150mm) and a gradient analysis method (flow rate= 7mL/min) where methanol was gradually increased and water proportionally decreased. Detection was performed with the Waters 2998 photodiode array detector and fractions were collected with the Waters 2767 sample manager. Resulting fractions were assayed for [ 3 H]-MLA displacement on rat hippocampal membranes (see below).
Electrospray ionization mass spectrometry (ESI-MS/MS)-Preparative
HPLC samples were dried and re-suspended in methanol/MilliQ water and analyzed at the University of Kentucky Mass Spectrometry Facility using ESI-MS/MS in both positive and negative ion ESI modes.
Radioligand binding studies
2.3.1. Rat brain membrane preparation-Hippocampal and cortical tissues were removed from adult male Sprague-Dawley rats (225-250g) and homogenized in sucrose buffer (0.32 M sucrose, 1mM EDTA, 0.1mM phenylmethylsulfonyl fluoride, 0.01% w/v sodium azide, pH adjusted to 7.4), centrifuged at 1,000g for 10min at 4°C and the supernatant reserved on ice. The pellet was re-suspended and centrifuged once more at 1,000g for 10min at 4°C. The supernatant was combined with the previously reserved supernatant and centrifuged at 50,000g for 10min at 4°C. The resulting supernatant was discarded and the pellet washed twice by re-suspension and centrifugation in binding buffer (50mM Tris, 144mM NaCl, 1.5mM KCl, 2mM CaCl 2 , 1mM MgSO 4 .7H 2 O, 20mM HEPES, pH adjusted to 7.4) at 50,000g for 10min at 4°C. Total protein content was measured using the Bicinchoninic Acid Kit (Sigma-Aldrich), adjusted to 3mg/ml protein and frozen at -80°C for future experimentation.
2.3.2.
General radioligand binding method-Solutions to be tested were mixed with membranes (final protein content = 1mg/ml) and radioligand (2nM [ 3 H]-MLA or 2nM [ 3 H]-cytisine for displacement studies) in individual wells on 96 well plates. Reactions were allowed to reach equilibrium (2h-3h) and the plates were harvested by vacuum filtration onto GF/B filter plate (Perkin Elmer Inc., Waltham, MA, USA) followed rapidly by 3 washes with 50mM Tris-HCl buffer (pH adjusted to 7.4). Filter plates were dried overnight and scintillation counting was performed for 2min per well in a Packard TopCount ® NXT™ microplate scintillation and luminescence counter following the addition of 35μL scintillation fluid (Microscint 20, Packard Inc) to each filter well. For each assay plate, nonspecific binding was measured in the presence of excess nicotine (300μM final concentration) and specific binding was calculated by subtracting non-specific binding from total binding of radioligand alone. Specific binding in the presence of competitors was converted to percentage of total specific binding of radioligand alone 2.3.3. Pure flavonoid competition binding experiments-Flavonoids were solubilized at high concentration (100mM) in 100% DMSO and diluted in binding buffer to obtain stock solutions of 30μM. The stock solutions were subjected to 1:10 serial dilutions to obtain a wide range of flavonoid concentrations. Using the general radioligand binding method described above, flavonoids were assessed for [ 3 H]-cytisine and [ 3 H]-MLA displacement.
BV2 microglia studies
2.4.1. BV2 microglia cell culture-BV2 murine microglia (kindly provided by Dr. Linda Van Eldik) were cultured in DMEM/F-12 supplemented with 10% FBS and antibiotics (penicillin 100U/ml, streptomycin 100ug/ml). Cells were kept at 37°C in a humidified atmosphere of air and 5% CO 2 . For membrane preparation and RLB studies, cells were propagated in T75 flasks, harvested by cell scraping upon confluency, centrifuged (1200 rpm, swinging bucket) for 4 min, re-suspended in sucrose buffer and frozen for future use. Membranes were then prepared as described above for animal tissue. Membranes were adjusted to a final concentration of 3mg/ml and frozen at -80°C for future experimentation. For LPS elicited inflammatory mediator release, cultured cells were detached upon confluency with 0.25% trypsin (2min at 37°C), seeded in 24 well plates at densities of 5×10 5 cells/well and allowed to adhere overnight. Cells were then pretreated with test compounds (serum-free media) for 1h and subjected to LPS challenge (10μg/ml in serum-free media) for 24h. 
Saturation binding with BV2 membranes-Using
Measurement of cell viability, nitric oxide (NO) content and TNF-alpha
release-Cell-free culture supernatants were collected, assayed for nitrite content immediately to avoid the effects of freeze-thawing [27] and subsequently frozen for future TNF-alpha content analysis. Each well was then filled with fresh media containing 100μM resazurin and allowed to incubate for 4h. Fluorescence (Excitation = 560nm, emission = 590nm) was then measured using a Wallac 1420 VICTOR plate reader (PerkinElmer, MA, USA) and cell viability was normalized to percentage control (no LPS group). Nitrite levels were measured using the Griess Reagent System (Promega) in accordance with the manufacturer's instructions. Briefly, 50μL of experimental samples were plated in a 96 well plate, 50μL sulphanilamide and 50μL N-1-napthylethylenediamine dihydrochloride were then added sequentially with a 5min incubation interval. Absorbance was measured at 550nm using a Wallac 1420 VICTOR plate reader (PerkinElmer, MA, USA) and the amount of nitrite was calculated from a NaNO 2 standard curve. TNF-alpha levels were measured by ELISA using the READY-SET-GO! Mouse TNF-alpha kit (eBioscience, CA, USA) in accordance to the manufacturer's instruction. When necessary, sample dilutions were performed in order to fall within the concentration range of the standard curve.
Statistical analysis and graphical presentation
Statistical analysis and graphical presentation were done in GraphPad Prism 4.03 for Windows (GraphPad Software, CA, USA). Displacement binding data was fitted with nonlinear regression using the sigmoidal dose-response with variable slope and with the top and bottom constrained at 100% and 0% respectively. Binding parameters were extrapolated from the curves and flavonoids were ranked in ascending pIC 50 values for prioritization into functional studies. For saturation binding experiments, total and specific binding were fitted with a one site binding hyperbola and non-specific binding was fitted linearly. Binding parameters were extrapolated from specific binding. For dose response curves in functional assays, inflammatory mediator release (NO or TNF-alpha) was normalized by cell viability when statistical differences were found in cell viability between treatment groups by one way ANOVA. Two non-linear regression models (sigmoidal dose-response and sigmoidal dose-response with variable slope) were then compared using an F-test prior to fitting. Response parameters were extrapolated from the best fit. IC 50 values were statistically compared using unpaired t-tests on the corresponding pIC 50 values.
Results
[ 3 H]-MLA displacing fractions from Solidago nemoralis contain methyl-quercetin derivatives
Solidago nemoralis was previously identified as containing selective binding activity for the alpha7 nAChR relative to beta2-containing nAChRs using our radioligand binding differential smart screen [22] . Therefore, we sought to identify the compound(s) responsible for this activity using (Table 1) .
A small library of pure dicaffeoylquinic acid derivatives was compiled and tested for [ 3 H]-MLA displacement. None of the compounds tested displaced [ 3 H]-MLA (data not shown) suggesting that the nAChR activity present in the extract is attributable to the methylquercetin derivatives identified. We were unable to purify large enough amounts of the active fractions for definitive identification using NMR. Instead, we compiled a small library of pure flavonoids to be screened for [ 3 H]-cytisine and [ 3 H]-MLA displacement. 
Flavonoids differentially displace [ 3 H]-MLA from hippocampal rat membranes
BV2 microglia exhibit functional nicotinic acetylcholine receptors
Microglial cultures purified from rat brain express functional nAChRs and activation of the alpha7 subtype exerts anti-inflammatory effects [33] . However, and as far as the authors know, there is only indirect evidence in the literature for the presence of functional nicotinic receptors in the BV2 immortalized microglial cell line [34, 35] In cultured BV2 cells, nicotine dose dependently inhibited LPS elicited release of NO with a maximal inhibition of ∼20% (Fig. 3) . Furthermore, this effect was blocked by 10μM mecamylamine, a non-selective nicotinic antagonist, suggesting that nicotinic receptors present on BV2 microglia are functional and can be pharmacologically manipulated.
[ 3 H]-MLA displacement predicts functional anti-inflammatory nicotinic mediated effects
To assess the functional significance of [ 3 H]-MLA displacement studies, rhamnetin, which potently displaces [ 3 H]-MLA with the lowest IC 50 , and sakuranetin, which does not displace [ 3 H]-MLA and therefore constitutes a structurally related negative control, were tested for their anti-inflammatory properties on LPS stimulated BV2 microglia. Flavonoids are well known to be anti-inflammatory in this cell line [38, 39] . Therefore, to evaluate the contribution of putative nicotinic activity, their effects were blocked with MLA.
3.4.1.
Rhamnetin is anti-inflammatory and benefits from a nicotinic mediated mechanism-Rhamnetin dose dependently inhibited NO (IC 50 = 26.3μM) and TNF-alpha (IC 50 = 28.7μM) release (Fig. 4 & Fig. 5 ). The addition of MLA increased the IC 50 s for both inhibition of NO release (IC 50 = 33.1μM) and inhibition of TNF-alpha release (IC 50 = 105.3μM) although this did not reach statistical significance (t(6) = 0.94, p = 0.37 for NO; t(6) = 1.3, p = 0.22 for TNF-alpha). Furthermore, close examination of the concentration response curves without MLA revealed Hill coefficients of 3.0±0.9 and 3.5±4.1 respectively ( Table 3 ). The addition of MLA decreased the Hill coefficients to 1.6±0.4 for inhibition of NO release and the concentration response curve for inhibition of TNF-alpha release best fit the sigmoidal dose response model with no variable slope (F(1,16) = 2.14, p = 0.16). These data collectively suggest that rhamnetin mediates its anti-inflammatory effects in part through nAChRs. 50 = 85.8μM) and TNF-alpha (IC 50 = 158μM) release (Fig. 6 & Fig. 7) , albeit with lower relative potency compared to rhamnetin. Close examination of the dose response curves indicated Hill coefficients at unity (Table 4) since both curves fit the sigmoidal dose response model with no variable slope (F(1,16) = 0.0009, p = 0.97 for NO; F(1,16) = 3.5, p = 0.07 for TNFalpha). The addition of MLA had no effect on the anti-inflammatory properties of sakuranetin. However, the addition of a below threshold concentration of nicotine (1μM) decreased IC 50 s for both NO (IC 50 = 16.9μM) and TNF-alpha inhibition (IC 50 = 22.3μM). The difference was found to be statistically significant for NO (t(6) = 2.9, p < 0.05) but not for TNF-alpha inhibition (t(6) = 1.2, p = 0.25). Furthermore, the Hill coefficients were significantly increased to 2.2±0.3 for inhibition of NO release (F(1,16) = 15.54, p < 0.01) and 2.7±1.0 for inhibition of TNF-alpha release (F(1,16) = 6.7, p < 0.05). These data suggest that sakuranetin does not mediate its anti-inflammatory effects through nAChRs but that a below threshold concentration of nicotine can enhance its pharmacological profile.
The anti-inflammatory activity of sakuranetin does not benefit from a nicotinic mediated mechanism-Sakuranetin dose dependently inhibited NO (IC
Discussion
Preliminary studies in our laboratory using a radioligand binding differential smart screen on a large plant extract library found that Solidago nemoralis extracts produce selective [ 3 H]-MLA displacement relative to [ 3 H]-cytisine displacement suggesting it contains compounds selective for the alpha7 nAChR [22] . Chemical analysis of a semi-pure [ 3 H]-MLA displacing fraction indicated the presence of methyl-quercetin-like flavonoids and a dicaffeoylquinic acid. Lack of [ 3 H]-MLA displacement from a small library of pure dicaffeoylquinic acid derivatives suggested that flavonoids may be responsible for the nAChR activity of the plant extract. Thus, the present studies were conducted to test the hypothesis that specific flavonoid structures selectively bind alpha7 nAChR relative to alpha4beta2 nAChRs. Therefore, pure flavonoids were evaluated for their ability to displace Specific flavonoid structures, such as rhamnetin, specifically displaced [ 3 H]-MLA dose dependently while other specific structures, such as sakuranetin, did not. Therefore, [ 3 H]-MLA displacement is not a general property of flavonoids despite structural similarities. For example, rhamnetin only has 2 additional hydroxyl groups (3-hydroxyl and 3′-hydroxyl) and an unsaturated B ring in comparison to sakuranetin. Interestingly, it appears that flavonols, as a specific subclass, exhibit overall more potent [ 3 H]-MLA displacement in comparison to other subclasses such as anthocyanidins, isoflavones and flavan-3-ols. Therefore, flavonol specific functional groups, such as 4-carbonyl group and 3-hydroxyl group, which are inexistent in other classes, may be contributing to selective [ 3 H]-MLA displacement. Despite relatively low potencies for [ 3 H]-MLA displacement, those for rhamnetin, spiraeoside, and quercetin for example, fall within the same range as physiological concentrations of flavonoids reported in plasma [40] and reported anti-inflammatory potencies in vitro [41] . Therefore, specific structures displace [ 3 H]-MLA specifically at physiological relevant concentrations. On the other hand, none of the flavonoids tested appeared to displace [ 3 H]-cytisine. Collectively, these results support our hypothesis that certain flavonoid structures specifically bind alpha7 nAChRs relative to alpha4beta2 nAChRs. A recent report by Lee et al [23] shows that quercetin is capable of enhancing acetylcholine induced inward currents through human alpha7 nAChRs expressed on xenopus oocytes, potentially through interaction with the Ca2+ binding site. Therefore, we cannot exclude the possibility that flavonoids may displace [ 3 H]-MLA non-specifically through an allosteric mechanism at the Ca2+ binding site. In turn, this could explain the lack of [ 3 H]-cytisine displacement as beta2-containing nAChR are less permeable to Ca2+ than alpha7 nAChRs [42] . Nevertheless, [ 3 H]-MLA displacement may have functional significance for the anti-inflammatory properties of these flavonoids which may translate to added value as pharmacotherapies for neuroinflammation specifically. Therefore, we decided to evaluate and compare rhamnetin and sakuranetin as prototypical Flavonoids are plant secondary metabolites that are involved in attracting pollinators, deterring herbivorous insects, and allelopathy [43] . They are found in a variety of plant species as well as throughout the human diet in foods such as fruits and vegetables, tea, and cocoa and have been described for their various health benefits [44] . Sakuranetin is the major flavonoid found in rice [45] and it has been primarily studied for its anti-inflammatory [46] , anti-diabetic [47] , and anti-bacterial [48] properties. Rhamnetin is found in most buckthorns (rhamnus genus) [49] and has been primarily studied for its anti-cancer [50] , antioxidant [51] and anti-inflammatory properties [41] . Thus, both rhamnetin and sakuranetin have been found to be anti-inflammatory. Therefore, we hypothesized that rhamnetin, which displaces [ 3 H]-MLA, would benefit from enhanced anti-inflammatory effects, via a nicotinic mediated mechanism, in comparison to sakuranetin, which does not displace [ 3 H]-MLA. The anti-inflammatory properties of both compounds were evaluated by their ability to dose dependently inhibit NO and TNF-alpha release from LPS stimulated BV2 microglia. Additionally, to assess their putative nicotinic activity, they were pharmacologically manipulated with nicotinic agonists and antagonists. We predicted that (1) rhamnetin would be more potent than sakuranetin, (2) rhamnetin would be partially inhibited by nAChR antagonists and (3) sakuranetin would become more potent with the addition of nAChR agonists.
Prior to examining the anti-inflammatory properties of rhamnetin and sakuranetin, BV2 microglia were validated for cell surface presence of functional nAChRs. There is little evidence in the literature for functional nAChRs in this cell line. Mencel et al [35] report that the alpha7 nAChR subtype can be detected by western blot in BV2 microglia lysates. However, no pharmacological manipulation of the nicotinic receptors in BV2 microglia has been reported to date despite an attempt to block the anti-inflammatory effects of donepezil with MLA and DHBE in these cells, which did not produce an effect [34] . In our hands, BV2 microglia membranes exhibited [ 3 H]-MLA specific binding and were saturable with [ 3 H]-epibatidine. Furthermore, nicotine was found to inhibit NO release from LPS stimulated cells. Therefore, the BV2 microglia cell line appears to have functional nAChRs that can be pharmacologically manipulated to produce anti-inflammatory effects.
Rhamnetin and sakuranetin both dose-dependently inhibited NO and TNF-alpha release with relatively similar potencies but close examination of their concentration-response curves revealed differences in IC 50 s and Hill coefficients. Rhamnetin exhibited lower IC 50 s and higher Hill coefficients than sakuranetin. Additionally, pharmacological blockade of rhamnetin with MLA increased IC 50 s and decreased Hill coefficients. Furthermore, a noneffective concentration of nicotine (1μM) was able to decrease IC 50 s and increase Hill coefficients for sakuranetin. The Hill coefficient, first described by Archibald Hill in 1910 [52] , is a well known parameter in the field of biochemistry where it is extensively used to describe cooperative binding of a ligand or substrate to a receptor or enzyme. However, in the fields of cellular biology, it is used to describe the ultrasensitivity of a system, such as a signal transduction pathway [53] . In our study, we interpret it to describe the activation of numerous mechanisms that cooperate towards a common outcome, namely inhibition of inflammatory mediator release. Therefore, these data collectively support our hypothesis that [ 3 H]-MLA-displacing flavonoids benefit from a nicotinic mediated anti-inflammatory mechanism.
The alpha7 nAChR selective activity of rhamnetin has important implications not only for enhancement of anti-inflammatory effects but also for its potential as an alpha7 nAChR selective agonist. Indeed, activation of the alpha7 nAChR selectively has the potential to inhibit excitotoxicity mediated through NMDA receptors. Nicotine has been found to be neuroprotective against NMDA induced excitotoxicity through alpha7 nAChR activation both in rat primary hippocampal cultures [15] and hippocampal slice cultures [54] . This activity of nicotine has been proposed as an explanation for the negative association of cigarette smoking with the incidence of AD and PD [55] . Therefore, rhamnetin, as an alpha7 nAChR selective agonist would not only attenuate neuroinflammation but also inhibit excitotoxicity simultaneously. Together with its well-known antioxidant properties, rhamnetin is potentially a multifunctional neuroprotective agent that can simultaneously attenuate neuroinflammation, oxidative stress and excitotoxicity observed in neurodegenerative diseases. Inhibition of NO release from LPS stimulated BV2 microglia by nicotine. BV2 microglia were pretreated for 1h with increasing concentrations of nicotine and subsequently challenged with 10μg/ml LPS for 24h. Culture media was collected and assayed for nitrite content using the Griess reaction. NO release is expressed as percentage of NO release from LPS alone. * p<0.001 compared to LPS alone and Nic+MEC by Tukey's multiple comparison test following a one-way ANOVA. Concentration response curves for the inhibition of NO release from LPS stimulated BV2 microglia by rhamnetin (A) and with the addition of MLA (B). BV2 microglia were pretreated with increasing concentrations of rhamnetin, in the presence or absence of 10μM MLA for 1h and subsequently challenged with 10μg/ml LPS for 24h. Culture media was collected and assayed for nitrite content using the Griess reaction. NO release is expressed as percentage of NO release from LPS alone. Concentration response curves for the inhibition of TNF-alpha release from LPS stimulated BV2 microglia by rhamnetin (A) and with the addition of MLA (B). BV2 microglia were pretreated with increasing concentrations of rhamnetin, in the presence or absence of 10μM MLA for 1h and subsequently challenged with 10μg/ml LPS for 24h. Culture media was collected and assayed for TNF-alpha content by ELISA. TNF-alpha release is expressed as percentage of TNF-alpha release from LPS alone. Concentration response curves for the inhibition of NO release from LPS stimulated BV2 microglia by sakuranetin (A) and with the addition of nicotine (B). BV2 microglia were pretreated with increasing concentrations of sakuranetin, in the presence or absence of 1μM nicotine for 1h and subsequently challenged with 10μg/ml LPS for 24h. Culture media was collected and assayed for nitrite content using the Griess reaction. NO release is expressed as percentage of NO release from LPS alone. Concentration response curves for the inhibition of TNF-alpha release from LPS stimulated BV2 microglia by sakuranetin (A) and with the addition of nicotine (B). BV2 microglia were pretreated with increasing concentrations of sakuranetin, in the presence or absence of 1μM nicotine for 1h and subsequently challenged with 10μg/ml LPS for 24h. Culture media was collected and assayed for TNF-alpha content by ELISA. TNF-alpha release is expressed as percentage of TNF-alpha release from LPS alone. [28, 29] 657 495, 333 Methyl-quercetagetin diglycoside [30, 31] 515 353 Dicaffeoylquinic acid [32] Fitoterapia. Author manuscript; available in PMC 2015 October 01. 
